Because multiple myeloma (MM) cells are at risk for endoplasmic reticulum (ER) stress, they require a carefully regulated mechanism to promote protein translation of selected transcripts when proliferation is stimulated. MAPK-interacting kinases (MNKs) may provide this mechanism by enhancing cap-dependent translation of a small number of critical transcripts. We, thus, tested whether MNKs played a role in MM responses to the myeloma growth factor interleukin-6 (IL-6). IL-6 activated MNK1 phosphorylation and induced phosphorylation of its substrate, eIF-4E, in MM lines and primary specimens. MNK paralysis, achieved pharmacologically or by shRNA, prevented MM expansion stimulated by IL-6. A phosphodefective eIF-4E mutant also prevented the IL-6 response, supporting the notion that MNK's role was via phosphorylation of eIF-4E. Both pharmacological MNK inhibition and expression of the phosphodefective eIF-4E mutant inhibited MM growth in mice. Although critical for IL-6-induced expansion, eIF-4E phosphorylation had no significant effect on global translation or Ig expression. Deep sequencing of ribosome-protected mRNAs revealed a repertoire of genes involved in metabolic processes and ER stress modulation whose translation was regulated by eIF-4E phosphorylation. These data indicate MM cells exploit the MNK/eIF-4E pathway for selective mRNA translation without enhancing global translation and risking ER stress.
Introduction
Regulation of protein translation is important in MM because the significant rate of Ig production places the malignant plasma cell at risk for endoplasmic reticulum (ER) stress-induced death. Thus, the MM cell faces a dilemma: although unrestrained translation may be injurious due to enhanced ER stress, the cell requires a regulated mechanism to promote translation when proliferative signals arise. Such a mechanism would allow for the temporary upregulated translation of specific proliferation-dependent proteins but still retain control over global translation. The eIF-4E translation initiation factor could play such a role as it mediates tight regulation of expression of selected proteins [1] .
The MAP kinase-interacting kinases 1 and 2 (MNK1 and MNK2) initially bind to eIF-4G and subsequently phosphorylate eIF-4E on S209, thus promoting eIF-4E's activity [2] . Although the physiologic function of such phosphorylation has been unclear because MNK1/2 double knock out mice exhibit a normal phenotype despite absence of eIF-4E phosphorylation [2] , other data support the notion that the MNKs promote tumorigenesis [3] [4] [5] . They are highly expressed in several tumor types [6] [7] [8] and enhanced eIF-4E phosphorylation is also observed [3, 9, 10] . Genetic manipulation of MNKs and with phosphodefective eIF-4E constructs in pre-clinical models [3, 11, 12] also support a role for MNKs in tumor development. MNK-induced eIF-4E phosphorylation correlates with an increased translational efficiency of a subset of mRNAs encoding tumor-promoting proteins [4] .
One particular scenario where the MNK kinases and eIF-4E may promote MM tumor growth is during Interleukin-6 (IL-6)-mediated expansion. IL-6-induced MM cell proliferation is mediated by signaling through the ERK MAPK pathway [13] and MNKs are activated downstream of this pathway [14] . Furthermore, since MNK activity and eIF-4E phosphorylation have minimal effects on overall translation in non-transformed cells [2] , this pathway could be exploited by MM cells for translation of specific transcripts for a proliferative response while preventing marked increases in ER stress. We, thus, initiated the current study to test this hypothesis. Our results confirm the notion that MNK activity and eIF-4E phosphorylation are required for IL-6-induced MM cell expansion but do not stimulate significant increases in global translation. Deep sequencing of ribosomeprotected transcripts identified a surprising number of genes involved in metabolism and ER stress whose translation was regulated by eIF-4E phosphorylation. These results identify MNK-induced eIF-4E phosphorylation as a promising therapeutic target in MM.
Materials and Methods

Cell lines, plasmids, transfections
The MM cell lines were obtained from ATCC. The lentiviral vectors targeting MNK1 were purchased from Sigma-Aldrich. The HA-tagged eIF-4E full length coding sequence was isolated from pHA-eIF4E (obtained from Addgene, plasmid 17343) by PCR. Insert from pLenti6/gfp-lc3 vector was removed by Spe1/ Xho1digestion and replaced with Spe/Xho1-digested HA-eIF-4E to yield pLenti6HA-eIF4E. The serine to alanine (SA) and serine to aspartic acid eIF-4E mutants were constructed using the QuikChange site-directed mutagenesis kit (Stratgene). Lentiviral infection of MM cells was performed as previously described [15] .
Primary myeloma specimens and ethics statement
Primary cells were purified from marrow of patients as described [16] . The purity by microscopy and CD138 flow analysis was .95% plasma cells. Marrow samples were obtained after informed consent in accordance with the Declaration of Helsinki, as approved by the West LA VA Institutional Review Board (IRB). The IRB of the VA West LA Medical Center approved this study. Written informed consent was obtained from all patients for use of their bone marrow sample in the research.
MNK In vitro kinase assay
The MNK kinase assay was carried out as described [17] with modifications. Cells were lysed with lysis buffer. Direct covalent attachment of MNK1 (Santa Cruz) and MNK2 (Sigma) antibodies to the agarose beads were performed with Pierce Direct IP Kit (Thermo Fisher Scientific). Labeled beads were washed with kinase buffer before 1 ug purified GST fusion eIF-4E protein (purchased from BPS Bioscience) was added. Reaction mixtures were incubated at 30uC for 30 minutes in the presence of 25 mM ATP. After SDS-PAGE, phosphorylated eIF-4E proteins were detected by Western blots.
Xenograft experiments
8226 cells (10 7 /mouse) were injected subcutaneously (SQ) admixed with matrigel into NOD/SCID mice as described [18] . When tumor volume reached 200 mm 3 , mice were randomized to control (0.5%DMSO), low dose 4-amino-3-(p-fluorophenylamino)pyrazolo (3,4-d)pyrimidine (CGP57380) (20 mg/kg) or high dose CGP57380 (50 mg/kg) groups and received daily intraperitoneal (IP) injections. Tumor volume was calculated as previously described [18] . Mice were also challenged SQ with 10 7 EVtransfected 8226 cells in the right flank versus 10 7 8226 cells transfected with a dominant negative eIF-4E construct. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals in the NIH. The protocol was approved by the IACUC committee of the West LA VA Hospital. All efforts were made to minimize suffering to animals.
AHA incorporation assay
The AHA incorporation assay for estimating global translation was performed as previously described [19] . Briefly, cells were treated with IL-6 or pp242 in methionine-free media (Invitrogen), followed by a 30 minute exposure to 100 uM AHA (Azidohomoalanine, (Invitrogen)), a methionine analog to pulse label newly Figure 1 . Activation of MNK kinases. A) MM lines exposed to IL-6 (100 U/ml) for 3 hrs followed by immunoblot assay for phospho-MNK and total MNK expression. Fold increase is determined by densitometric ratio of MNK-P/MNK-total and represents the mean of 3 independent experiments. * denotes IL-6-induced increase is statistically significant (p,0.05). B) ANBL-6 cells exposed to IL-6 for 0, 60, 120 or 180 mins, followed by immunoblot assay. C) Primary cells from 4 patients exposed to IL-6 or media (C) followed by immunoblot assay. D) ANBL-6 cells treated with IL-6 for increasing durations, followed by immunoprecipitation with anti-MNK1, MNK2 or control IgG. Immunoprecipitates tested for phosphorylation of eIF-4E in vitro. doi:10.1371/journal.pone.0094011.g001 synthesized proteins. After cell lysis, incorporated AHA was detected using the TAMRA Click-iT protein Analysis Detection Kit (Invitrogen). Ten ug total protein was loaded per well. Following detection of newly synthesized protein, gels were also immunoblotted for GAPDH expression. TAMRA fluorescence (newly synthesized protein) was detected using a FujiFilm LAS-4000 system and analyzed using Multi Gauge V3.0 software. Newly synthesized protein levels were normalized to the GAPDH Western blot intensities.
Ribosome protection assay
Ribosome profiling was performed as previously described [20, 21] . Briefly, IL-6-treated MM cells were cultured on 15-cm plates. Media was changed to fresh media supplemented with 100 ug/ml cycloheximide 5 minutes before harvesting. Cells were then washed with cold PBS supplemented with cycloheximide, followed by the addition of lysis buffer. Lysates were then filtered through 26 g needles and cleared by centrifugation at 13,000 g for 10 mins. The supernatants were treated with 1 unit/ml RNase at 25uC for 45 mins and digested samples were layered on top of 1 M sucrose cushion and centrifuged in a SW41 Ti rotor at 220,000 rpm to isolate ribosome protected fragments. RNA was extracted with MiRNeasy kit (Qiagen). Suspended RNA was then separated on a 15% TBE-Urea gel and fragments around 30 bp were excised, recovered and used to make cDNA libraries, using the ARTseq Ribosome profiling kit (Epicenter).
Ribosome profile analysis
Analysis was carried out using the galaxy program. Before alignment, reads were groomed and trimmed to remove artifacts. These reads were first aligned to a database of rRNA sequences to remove potential rRNA contaminating reads. The remaining reads were aligned against a library of transcripts from UCSC known gene database GRCh37/hg19. Comparison of FPKM Figure 2 . Effect of CGP57380. A) 8226 (left panel) or ANBL-6 (right panel) MM cells pre-treated with CGP57380 for 30 mins at varying concentrations, followed by addition of IL-6 (100 U/ml) for 3 hrs or no IL-6 and then immunoblot assay performed. B) 8226 (white bars) and ANBL-6 (black bars) seeded at 3610 5 cells/ml and treated +/2 CGP57380 (at concentrations shown in uM) +/2 IL-6 (100 U/ml) for 72 hrs. Viable cell counts enumerated by trypan blue exclusion. Results shown are means+/2SD, (n = 3). * denotes significant (p,0.05) inhibition of cell numbers versus control (no CGP57380). C) Two primary MM specimens cultured +/2 CGP57380 for 72 hrs with viable cell recovery enumerated (cell counts presented as mean+/2SD of triplicate samples). In one patient (black bars) cells also exposed +/2 IL-6 (100 U/ml) and in a second patient (white bars) no IL-6 was used (insufficient cell numbers harvested for these extra groups). D) 8226 or ANBL-6 cells pre-treated with cercosporamide (cer) for 30 mins at varying concentrations, followed by the addition of IL-6 for 3 hrs or no IL-6 and then immunoblot assay performed. E) 8226 and ANBL-6 cells seeded as in fig 2B and (fragments per kilobase of exon per million fragments mapped) between ribosome footprints and mRNAs in empty vector or mutant eIF-4E-stably transfected groups were made with Cuffdiff program. Translational efficiency was calculated by FKPM footprint/FKPM mRNA for each transcript. Those with sums of reads from footprint + mRNA above 125 were selected out for further analysis. Comparing translational efficiency identified 166 genes whose translation was significantly inhibited in mutantexpressing cells(log 2 #21.5). Results of deep sequencing of total RNA samples and ribosome-protected RNA are posted on the NCBI Sequence Read Archive website with the accession number of SRP033310.
Ig ELISA
Ig ELISA assays were performed on lysates from 8226 cells using the Human Lambda ELISA Quantification SET (Bethyl Laboratories, cat #E80-116).
Statistics
Quantitative increases in protein phosphorylation on Western blots were evaluated by densitometric analysis. All Western blots were repeated at least 3 times. The t-test was used to determine significance of differences between groups.
Results
IL-6 activates MNK kinases in MM cells
Initial experiments tested the ability of IL-6 to activate MNK kinases. MM cell lines were incubated with IL-6 for 3 hrs followed by immunoblot assay for expression of phosphorylated MNK. The antibody used detects phosphorylated MNK1 as well as MNK2. As shown in fig 1A IL-6 successfully upregulated phosphorylation of MNK in ANBL-6, 8226 and OPM-2 cells. The minimal activation in U266 cells may relate to the fact that this cell line auto-stimulates itself by secreting IL-6 [22] . In time course experiments (example in fig 1B) , IL-6 induced MNK phosphorylation as early as 60 mins. In addition, the activation of MNK kinases was temporally correlated with enhanced phosphorylation of eIF-4E ( fig 1B) , a substrate of MNKs [2] . IL-6 is also capable of activating MNKs in primary MM cells as shown in fig 1C ( 2.7, 3.6, 2.2 and 3.1 x fold increase in P-MNK/T-MNK ratio in patients #1, #2, #3 and #4 respectively by densitometry).
To ascertain if IL-6 was activating MNK1 or MNK2, we performed in vitro kinase assays (Fig 1D) . MM cells were exposed to media alone or IL-6 (100 U/ml) for increasing durations. MNK1 or MNK2 was then immunoprecipitated from protein lysates with anti-MNK-1, anti-MNK-2 or Ig control and tested for its ability to phosphorylate eIF-4E in vitro. As shown in fig 1D , the immunoprecipitating antibodies were specific for MNK1 or MNK2 without cross reactivity. The immunoprecipitated MNK1 from IL-6-treated MM cells demonstrated a significantly increased ability to phosphorylate eIF-4E relative to control cells which was time-dependent. In contrast, greater constitutive basal MNK2 kinase activity was present as previously described [23] but not significantly increased by exposure to IL-6.
Inhibition of MNK kinases prevent IL-6-induced stimulation of growth
Subsequent experiments were performed with the ANBL-6 and 8226 MM cell lines as their in vitro growth is known to be affected by exogenous IL-6 [13, 24] . To test a role for MNKs in IL-6 MM responses, we exposed these lines to the MNK inhibitor CGP57380 [25] . CGP57380, at the concentrations used, inhibits both MNK1 and MNK2 activity [26] . Using eIF-4E phosphorylation as a monitor for MNK kinase activity, fig 2A (left panel) demonstrates that, in both IL-6-treated and non-treated 8226 cells, CGP57380 exposure prevented eIF-4E phosphorylation in a dosedependent fashion. For ANBL-6 cells (right panel), there was no basal constitutive MNK phosphorylation whose sensitivity could be tested (not shown). However, IL-6-induced phosphorylation was similarly sensitive to the MNK inhibitor. CGP57380 was somewhat more effective in IL-6-treated ANBL-6 cells with 83% inhibition (83+/25%, n = 3) at 12.5 uM while IL-6-treated 8226 cells required 25 or 50 uM for abrogation of eIF-4E phosphorylation. Part of this greater sensitivity is probably due to the ability of CGP57380 in ANBL-6 cells to also modestly inhibit expression of total eIF-4E. However, as shown in fig 2A, right panel, the inhibitory effect of CGP57380 on total and phospho-eIF-4E expression in IL-6-treated ANBL-6 cells was relatively specific as no significant effect on ERK or hsp27 phosphorylation was present (hsp 27 is a phosphorylation target of p38MAPK). We next used CGP57380 at these concentrations and tested its effect on IL-6-stimulated MM cell growth ( fig 2B) . ANBL-6 (black bars) and 8226 (white bars) cell growth was significantly stimulated by IL-6 (100 U/ml). Concurrent exposure to CGP57380 prevented IL-6-stimulated growth in a concentration-dependent fashion in both cell lines. In contrast, there was little effect against cells cultured in the absence of IL-6. Identical results were obtained after 48 hrs incubation (not shown) and CGP57380, used at 25 uM, inhibited cell growth at all concentrations of IL-6 ( fig S1) . Flow cytometric assays in MM cells stimulated +/2 IL-6 in the presence of 25 uM CGP57380 (inhibiting eIF-4E phosphorylation by .90% (fig 2A) ), demonstrated no significant induction of apoptosis ( fig S2) . We also had the opportunity to test the effect of the CGP57380 inhibitor against two primary MM cell specimens (fig 2C) , cultured for 96 Hrs. In contrast to the results described above in ANBL-6 and 8226 cells, CGP57380 at 25 or 50 uM significantly inhibited short term 1 o MM cell survival in the absence of IL-6 in both specimens as well as when IL-6 was present.
Although frequently used experimentally as a MNK inhibitor, CGP57380 can inhibit additional kinases as potently as MNK [27] . We, thus, also tested cercosporamide, a MNK inhibitor with greater specificity. Cercosporamide has very limited activity against a panel of 76 other kinases [28] . Cercosporamide inhibited phosphorylation of eIF-4E in 8226 cells in the presence or absence of IL-6 as well as in IL-6-treated ANBL-6 MM cells ( fig 2D) . Very significant inhibition was present with the lowest concentration tested, 3.7 uM. This inhibitor also prevented IL-6-stimulated 8226 and ANBL-6 in vitro growth as shown in fig 2E while having little effect on MM cell growth in the absence of IL-6, similar to what was shown with the CGP57380 inhibitor. Thus, two independent inhibitors prevent MNK-induced phosphorylation of eIF-4E, which correlated nicely with their ability to prevent IL-6-stimulated MM cell growth.
We next used shRNA to knockdown MNK1, MNK2 or both. As shown in fig 3A, targeting 2 separate MNK1 sequences with shRNA (clone 1 & 2; (cl1 & cl2)) resulted in a significant decrease in MNK1 protein expression while having no effect on MNK2. Similarly, targeting MNK2 resulted in inhibited MNK2 expression while having no effect on MNK1. These cell lines were then treated with or without IL-6 and viable cell recovery enumerated 72 hrs later. As shown in fig 3B, in control (C) cells, IL-6 stimulated growth, allowing for an approximate doubling of cell numbers. In IL-6-stimulated MM cells, targeting MNK1 with both shRNAs significantly inhibited the IL-6 response although MNK1 knockdown in the absence of IL-6 had little effect. In contrast, targeting MNK2 with shRNAs had no effect on the IL-6 response.
Effects of eIF-4E mutants
To test if MNKs regulate expansion of MM cells via their phosphorylation of eIF-4E, we stably transfected wild type (WT), a serine-to-alanine (SA) mutant (at S209) or serine-to-aspartic acid (ASP) phosphomimetic eIF-4E mutant into ANBL-6 and 8226 MM cells. Figure 4A demonstrates successful expression of the transgenes by immunoblot assay for the HA tag and total eIF-4E compared to empty vector (EV)-transfected cells. As can be seen in fig 4A, ectopic expression of both SA and ASP mutants significantly inhibited phosphorylation of endogenous eIF-4E in both lines. Although the ectopic expression of the phosphomimetic ASP mutant should maintain normal-to-heightened eIF-4E function in transfected cells (as expected, it is not recognized by an antibody specific for eIF-4E phosphorylated on serine 209 (fig 4A) ), the SA mutant should act as a dominant negative. The transfected MM clones were then cultured with or without IL-6 for 48-120 hrs. As shown in fig 4B, IL-6 Although the above described inhibitory effects of our dominant negative eIF-4E mutant strongly support the notion that IL-6-induced, MNK-dependent MM cell growth is, in part, due to a MNK-specific phosphorylation of eIF-4E, MNKs have other substrates that could be playing a role. In particular, MNK kinases can phosphorylate hn RNP A1 (A1) [26] and we have previously shown that A1 function in MM cells participates in IL-6-mediated growth [29] . It was also possible that our ectopically expressed SA mutant could out-compete A1 for binding to MNK1 and, thus, effectively prevent MNK phosphorylation of A1. Since antibodies for detecting A1 phosphorylation are not available, we investigated this issue indirectly. A1 binds to the 39UTR of TNF-alpha at AUrich elements (AREs) and, in so doing, restrains TNF expression. The one reported effect of MNK1-induced phosphorylation of A1 is to decrease its binding to TNF-alpha AREs resulting in upregulated TNF expression [26] . We, thus, reasoned that, if the SA eIF-4E phosphomutant prevented MNK1 phosphorylation of hn RNP A1, it would prevent or inhibit TNF expression. In MM cells infected with shRNA to silence hn RNP A1 (fig S3A) , significantly enhanced TNF-alpha expression occurred (fig S3B) , confirming a regulatory role of A1. Thus, A1 regulates TNF-alpha expression in our cells, presumably via its binding to the 39UTR AREs. When we tested TNF-alpha expression in SA phosphomutant-expressing cells, TNFa expression was not curtailed ( fig  S3B) . As the LPS TNF-alpha response is dependent upon MNK1-induced A1 phosphorylation [26] , these data support the hypothesis that the SA mutant is not preventing A1 phosphorylation as an off-target effect.
Effects of MNK/eIF-4E inhibition in vivo
In xenograft models, 8226 tumor cells were injected SQ and, when tumor volume reached 200 mm 3 , mice were randomized to receive DMSO vehicle alone IP daily, or CGP57380 at 20 mg/kg (low dose (LD)) or 50 mg/kg (high dose (HD)). While MM growth progressed in control mice, both CGP57380 dose cohorts demonstrated an anti-tumor effect which was significant by 4 days of treatment (Fig 5A) . Unfortunately, 50 mg/kg of CGP57380 was also toxic with weight (wt) loss and hunched over posture being evident. By 8 days of high dose CGP57380, 50% of treated mice succumbed although without significant tumor growth. At the lower dose of CGP57380, mice remained healthy without wt loss and with obvious anti-tumor effects at day+7 ( fig 5A) . When mice with equal-sized tumors were either treated with HD or LD CGP57380 (fig 5B) or DMSO (control) for 3 days followed by Western blot assay on extracted tumor protein, it is evident that the MNK inhibitor prevented eIF-4E phosphorylation in vivo ( fig 5B) . This was associated with a caspase-dependent cleavage of PARP (fig 5C) , signifying activation of apoptosis. It is unclear to us why CGP57380 used in vivo resulted in MM cell apoptosis but not during in vitro exposure ( fig S2) . CGP57380 injection of mice may disrupt some key viability pathways in vivo which involve interaction of MM cells with their milieu.
Mice were also challenged SQ with 10 7 8226 cells either transfected with an empty vector (EV) or the dominant negative eIF-4E mutant (DN). As shown in figure 5D , EV-transfected cells successfully grew out in mice, albeit at a slightly slower rate than parental inocula. In contrast, cells expressing the eIF-4E SA mutant were prevented from in vivo growth. Thus, either inhibiting MNK kinase activity (with CGP57380) or curtailing eIF-4E phosphorylation (with the phosphomutant) will prevent MM growth in mice.
Effects on protein translation
To assess effects on global translation, we utilized the methionine analog azidohomoalanine (AHA) to label newly translated proteins. By using click chemistry, the AHA-incorporating nascent proteins are labeled with a fluorescent dye as described in Materials & Methods. The fluorescent intensity is determined as an assessment of global translation. Protein loading in the gels is controlled by concurrent immunoblot for GAPDH (see Materials and Methods). ANBL-6 MM cells stimulated with or without IL-6 were incubated with AHA in a short 30 minute time window to assess newly made proteins. As shown in the representative experiment ( Figure 6A ) and the bar graph below depicting mean+/2SD increases in translation from 4 experiments, a modest increase in translation occurred which peaked after 60 mins of exposure to IL-6 (1.8 x fold) and returned to baseline by 180 mins. To assess any effect of eIF-4E phosphorylation on the IL-6-upregulated global protein synthesis, we stimulated ANBL-6 cells expressing the dominant negative eIF-4E phosphomutant (vs wild type (WT) eIF-4E-transfected and empty vector cells). As shown in a representative experiment and mean values from 3 independent experiments in the bar graph (Fig 6B) , expression of the eIF-4E SA mutant did not decrease basal translation (no IL-6) as compared to empty vector-transfected cells. Furthermore, the ability of IL-6 to modestly enhance (approx 2 x fold) translation was also retained in mutant SA-expressing cells. Since immunoglobulin (Ig) synthesis is a significant portion of protein expression in MM cells, we also tested the effect of the eIF-4E mutant on Ig synthesis. We, thus, tested transfected 8226 cells which synthesize lambda light chains. As shown in figure 6D, IL-6 had a minimal effect on Ig synthesis in 8226 cells while pp242 significantly inhibited. Notably, when compared to EV-transfected 8226 cells, the eIF-4E mutant-transfected cells demonstrated no inhibition of Ig synthesis in the basal or IL-6-stimulated cultures. Collectively, these data indicate that eIF-4E phosphorylation does not affect global basal and IL-6-stimulated protein translation or Ig synthesis.
Ribosome-protection assay
To identify mRNAs susceptible to translation inhibition due to prevention of eIF-4E phosphorylation, we utilized transcriptomescale ribosome profiling as previously described [20, 21, 30] . Ribosome profiling allows accurate quantification of mRNA fragments undergoing translation (ribosome footprints) as they are protected by ribosomes during digestion with RNase. To identify the mRNAs translationally regulated by eIF-4E phosphorylation, we calculated the induced changes in translational efficiency of each mRNA by normalizing footprint density of each gene to the abundance of the corresponding transcript. We studied control EV-transfected ANBL-6 cells and isogenic cells expressing the dominant negative eIF-4E both in the presence of IL-6. We detected 14-22 million reads per sample. In total, this corresponded to 1350 unique mRNAs that could be monitored for alterations in their translation. Ribosome profiling revealed 166 target mRNAs whose translation was significantly decreased (log 2 # 21.5, false discovery rate ,0.05) in mutant-containing MM cells compared to control ANBL-6 cells. A second ribosome profiling experiment gave similar results (correlation coefficient R = 0.941). Figure 7A depicts the categories of genes whose expression is regulated by eIF-4E phosphorylation. A large fraction (17%) participate in the translational machinery such as ribosome proteins and elongation factors. This is not surprising since previous results in prostate cancer cells [30] also determined this category of genes was most sensitive to translational inhibition resulting from an active site mTOR inhibitor and we anticipated that eIF-4E phosphorylation-regulated genes would be included in the larger number of mTOR-regulated genes. However, we were surprised to find two additional categories highly represented consisted of metabolism genes (17%) and those involved in ER function and proteotoxic stress responses (22%). These latter genes are listed in figs 8 & 9 . All these latter genes demonstrated inhibited translation (log 2 #21.5) but with little effect on mRNA abundance ('RNA' columns in figs 8 & 9) with few exceptions (#8, 17 and 23 in fig 8 (increased transcript level) and #25 and #29 in fig 9 (decreased level of mRNA abundance) ). It was also notable (fig 9) included genes responsible for proper folding of proteins (ie., PP1A, HSP90, HSP70, nucleophosmin (NPM1)), in proteasome function (NEDD8, PSMc3, PSMD7), in UPR responses (CALR) and in translocation of proteins across ER membranes (SSR4, Sec11c, Sec11a, BCAP31, SPCS2, SPCS3, LMAN1). Many of these genes are specifically upregulated at the RNA level in MM [31] , supporting their important roles in myelomagenesis.
The remaining genes, transitionally inhibited by the mutant eIF-4E, are listed in figs S4 & S5. They include genes encoding RNA-binding proteins (6%), adhesion proteins (4%), cytoskeleton proteins (5%), miscellaneous proteins (17%) and those involved in proliferation/survival (11%). The latter include cyclin D2, SMAP42, defender against cell death (DAD1), PIM2 and POU2AF1. Cyclin D2 is the D cyclin used by these myeloma cells for cell cycle transit and its curtailed expression would certainly contribute to the inhibited growth response to IL-6 caused by the SA dominant negative mutant.
To confirm some of the ribosome profiling data, we utilized Western blot analysis which confirmed the dominant negative eIF-4E phosphomutant inhibited expression of several genes identified with ribosome profiling. Immunoblot assay performed on extracts of IL-6-stimulated EV-transfected and WT-transfecetd ANBL-6 cells vs stimulated mutant eIF-4E-containing cells (fig 7B) confirms the inhibitory effect of the SA mutant as seen in the ribosome profiling. In addition, ectopic expression of wild type (WT) eIF-4E appeared to increase expression of several of these proteins (ie., NEDD8, FASN, MVD and CCND2). An additional experiment ( fig 7C) demonstrates the variable stimulation of expression of these genes in IL-6-treated EV cells (most marked for FASN, MVD, CCND2 and ENO1) which was prevented in mutant eIF-4E-containing MM cells.
Discussion
MM plasma cells have developed several strategies to deal with the risk of ER stress. They have efficient proteasome function, expanded ER membrane development and a heightened UPR mechanism [32, 33] . MM cells also exploit mechanisms for repressing generalized TORC1 activity to limit unnecessary protein expression for prevention of further ER stress. For example, MM cells transcriptionally upregulate ARK5 and DEPTOR [34, 35] , two proteins that suppress TORC1 [35, 36] function and global cap-dependent translation. However, when stimulated for proliferative responses, enhanced translation of key proteins must occur. Our results suggest that the MNK/eIF-4E pathway may provide one mechanism for this response while maintaining the repressed level of overall global translation. Furthermore, the high percentage of genes regulated transationally by eIF-4E phosphorylation involved in ER function and responses to proteotoxic stress underscore the fine line that the MM cell must walk between translation required for clonal expansion and translation that is toxic.
An important clinical issue is whether MNK activity is only important in IL-6 MM responses or is similarly involved in constitutive growth or MM cell growth stimulated by other factors like IGF-1 or triggers from the marrow microenvironment. Although CGP57380 and MNK knockdown did not significantly affect MM cell growth in the absence of IL-6 in cell lines,in two primary MM specimens there was significant cytoreduction induced by CGP57380 in the absence of IL-6. Additional primary specimens will have to be tested to address this issue.
MM cell growth requires lipids to replicate cellular membranes. Additional responses to continued ER stress require lipids for maintenance of an expanded ER membrane capacity. Thus, maintenance of lipid synthesis during IL-6 stimulation would be critical to allow for cell growth. It is not surprising, therefore, that several of the eIF-4E phopshorylation-dependent genes are involved with lipid metabolism, including fatty acid synthetase (FASN), stearoyl-coA desaturase (SCD) lanosterol synthase (LSS) and mevalonate decarboxylase (MVD). Indeed, interruption of MM cell lipid metabolism is the hypothetical goal of several new therapeutic strategies in myeloma [37, 38] . EIF-4E phosphorylation also regulated translation of the enolase gene (ENO1, (#5 in fig 7A) ), a glycolytic enzyme, also known as c-myc promoter binding protein (MBP-1). In U266 and ANBL-6 MM cells, IL-6 is known to upregulate ENO1/MBP-1 mRNA levels [39] supporting the notion that it is important in IL-6 responses. Our data indicate that after IL-6-induced transcription, ENO1/MBP-1 translation depends upon the phosphorylation status of eIF-4E.
Although several genes specifically involved in proliferation and viability were regulated by eIF-4E phosphorylation, such as cyclin D2 and PIM-2, it was notable that expression of some well known myeloma-associated genes like c-myc and VEGF were not. Immunoblot assay of eIF-4E-mutation-containing MM cells (vs EV cells) confirmed expression of these genes was independent of eIF-4E function (data not shown). One possible explanation for these results is that these genes are translated during IL-6 stimulation through alternative pathways. They have well-defined internal ribosome entry site (IRES) sequences in their 59UTRs which are highly active in the MM tumor model [40, 41] . For example, in our prior work [29] , we documented the importance of the c-myc IRES in upregulated myc translation secondary to IL-6 exposure. In addition, in similar ribosome protection profiling of cells treated with the mTOR inhibitor torin, genes containing known IRESes were resistant to inhibited translation [21] . It is, thus, not surprising that translation of these key genes is not regulated by eIF-4E phosphorylation.
In summary, our data underscores the importance of MNK kinase activation in the IL-6-induced growth response of MM cells. MNK-induced phosphorylation of eIF-4E upregulates translation of a select number of transcripts, which are important for the response, but does not significantly increase global translation. As the MNKs are dispensable for normal physiology [2] , they may be good targets for therapy in myeloma. There are several MNK/eIF-4E inhibitors identified in pre-clinical studies [28, 42] that are under development. Multiple myeloma is a promising tumor model for their study. 
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